The B state excited resonance Raman scattering of tetraoxaporphyrin dication (TOP 2+ ) was theoretically studied with DFT/TDDFT calculations and the sum-over-states approach of polarizability including both the A and B terms contributions. The resonance Raman spectra calculated with PBE1PBE, B3LYP, Cam-B3LYP, and B3LYP-D3 functionals are similar to each other in general, with PBE1PBE and B3LYP being better in reproducing resonance Raman intensities in comparison with the experiment. The calculated relative intensities of the totally symmetric modes are excellently consistent with the experiment. The TDDFT calculations manifested a considerable deformation of the B state along the ν 2 , ν 6 , ν 7 , and ν 8 modes, which is responsible for the strong resonance Raman intensities of these modes. The resonance Raman intensities of non-totally symmetric modes were calculated to be weaker than the totally symmetric modes by one or two order of magnitude, which qualitatively agrees with the experiment. However, the resonance Raman intensity of the ν 10 mode (C β C β stretch, B 1g symmetry) predicted by TDDFT calculations is unexpectedly small whereas that of the ν 11 mode (symmetric C α C m stretch, B 1g symmetry) is too large, which is assumed to be caused by the Jahn-Teller instability for the B state of TOP 2+ .
I. INTRODUCTION
Tetraoxaporphyrins (TOPs) are a class of porphyrin analogue in which the four pyrrole rings of a normal porphyrin are replaced by four furan rings. These unique compounds received much research interest in the past twenty years since they construct a bridge connecting the porphyrin chemistry and annulene chemistry, and consequently, the studies of TOPs have considerably broadened the knowledge of the corresponding π-electron conjugate systems [1−11] . The discovery of TOPs also opens the door to synthesize other porphyrin-like tetrafuran macrocycles [2−4] . For these reasons, various spectroscopic experiments have been conducted to study the ground and excited state properties of TOPs [1] [2] [3] [4] [5] [6] 11] . The dicationic TOP 2+ is the isoelectronic analogue of normal closed-shell metalloporphyrins (MPs), and it shares many similarities in UV-visible absorption spectra with MPs [1, 6, 11] . On the other hand, Marecelli et al. have studied the fluorescence spectrum of TOP 2+ , and much more intense S 2 →S 0 fluorescence has been observed for TOP 2+ as * Author to whom correspondence should be addressed. E-mail: dmchen@ustc.edu.cn compared with the free-base porphyrin (H 2 P) and its diprotonated derivative (H 4 P 2+ ) [6] . Bachmann et al. have synthesized the TOP radical cation and anion by chemical redox method and the UV-visible-near-IR absorption, emission spectra, and electron spin resonance (ESR) spectra of the redox species were measured and studied [7] . Theoretically, Malsch et al. have studied ground state structure of TOP 2+ using HF, MP2, and density functional theory (DFT) calculations [8] . The importance of electron correlation was demonstrated in order to predict correct ground state structure of TOP 2+ . Wan et al. calculated the electronic excitation energies of TOP 2+ with TDDFT and found that the observed UV-visible absorption can be well reproduced by taking the solvent effect into account [9] . Xiang et al. have theoretically studied the ground-state geometries, ESR isotropic hyperfine coupling constants, and linear vibronic coupling constants of tetraoxaporphyrin monocation/monoanion radicals ( [TOP·] − and [TOP·]
+ ) with DFT calculations [10] . These theoretical and spectroscopic studies have revealed the similarities and contraries between the TOPs and normal porphyrin compounds [6−11] .
DFT calculations have been extensively used to study the structures as well as the electronic and vibrational spectra of porphyrin-related compounds. Previously, Jelovica et al. have studied IR absorption and offresonance Raman (RR) spectra of TOP 2+ and proposed the assignments of the observed vibrational bands with the assistance of DFT calculations [5] . On the other hand, the resonance Raman scattering (RRS) of TOP 2+ has been measured [11] but not been theoretically studied yet. It is well known that RRS, as an effective tool for structure characterization and elucidation, plays an important role in porphyrin study [12−19] . Particularly, the properties of the excited state in resonance can be obtained by RR intensity analyses. The RR intensities have been well formulated either in sum-overstates approach or equivalently in the time-dependent picture [20−28] . The Kramers-Kronig transform can also be used to calculate RR intensities from the UVvisible absorption spectrum of the sample.
In this work, we use TDDFT calculations and the sum-over-states formulas of Raman polarizability to study the resonance Raman spectra of TOP 2+ with B state (S 2 state) excitation, where both the Raman A term (Franck-Condon term) and the B term (HertzbergTeller term) were considered. It was demonstrated that the interplay of RR experiments and TDDFT calculations can provide a reliable route to reveal the structures and dynamics of the excited electronic states in resonance.
II. THEORY AND COMPUTATION DETAILS
The differential cross section of Raman scattering (π/4 scattering geometry) is given by [22, 24, 27] :
where ν k is the vibrational frequency, ν L is the incident light frequency, c the speed of light, k B the Boltzmann constant, and h the Planck constant. Σ 0 , Σ 1 , and Σ 2 in Eq.(1) are the rotational invariants (isotropic, antisymmetric, and anisotropic, respectively) of the Raman tensor [21, 22] . The total cross section of a Raman band is given by [26] :
where ρ is the Raman depolarization ratio. The Raman polarizability tensor is given by [20] : 
where Q k is the kth normal coordinate. Accordingly, the Raman polarizability can be expressed into the A term and the B term:
When only one excited electronic state is involved in resonance Raman, the non-resonance terms can be neglected. By using the harmonic approximation, the two terms can be expressed as [21−24] :
In Eq. (6) and Eq. (7), ν 0 is the frequency of 0-0 vibronic transition, ∆ is the dimensionless displacement of the excited state with respect to the ground state along the kth normal coordinate. Under harmonic approximation, the displacement of the excited state with respect to the ground state can be calculated from the gradient of the excited state PES (potential energy surface) at the ground state geometry [25, 28] . Γ is the line width of the excited electronic state. Eq. (6) shows that the A term sensitively depends on ∆ and the transition dipole moment of the excited state in resonance. Eq. (7) shows that the B terms depends on the dimensionless with Eq. (6) and Eq. (7), we carried out TDDFT calculations at the equilibrium structure and also at the structures deformed along each specific modes. The results of TDDFT were used to numerically calculate the gradient of the excited state PES (for calculating the displacement ∆) and the partial derivatives of transition dipole with respect to the normal modes. Two-point differential method was utilized in numerical derivative calculations. A small step size of normal coordinates (0.01Å/Dalton 1/2 ) was used to ensure obtaining converged results.
DFT and TDDFT calculations were performed with the Gaussian 09 program suite [29] . We have used four exchange-correlation (XC) functionals in this study, including the Becke's three-parameter hybrid density functional (referred as B3LYP) [30, 31] , the oneparameter modified Perdew-Burke-Ernzerhof's functional (PBE1PBE) [32] , Handy et al.'s long range corrected version of B3LYP using the Coulombattenuating method (Cam-B3LYP) [33] , as well as the Grimme's dispersion corrected version of B3LYP (B3LYP-D3) [34] . These specific XC-functionals were chosen because they are widely used and have been proven to produce good results for the ground state structures/vibrations as well as for the excited state properties with TDDFT calculations. The standard 6-31G(d) basis sets were used for all DFT/TDDFT calculations.
III. RESULTS

A. Ground state structure and electronic absorption spectrum
The ground state TOP 2+ dication was calculated to be a planer D 4h structure, which is consistent with the spectroscopic experiments and previous theoretical calculations [6, 8−10] . The calculated structural parameters using four XC-functionals are well consistent with each other, with the derivations of the bond-distances and bond-angles less than 0.01Å and 0.3
• , respectively. Figure 1 shows the sketch of TOP 2+ together with the atomic labels and the selected structural parameters by PBE1PBE/6-31G(d) calculation.
The TOP 2+ dication has the same number of π-electron as the normal porphyrin macrocycles, and it is not surprising that TOP 2+ can give rise to similar elec- tronic absorption to normal metalloporphyins, such as zinc porphyrin (ZnP). Experimentally, a strong absorption at 367 nm (B band) and a weak band at 524 nm (Q band) were observed in the UV-visible spectrum of TOP 2+ [6, 11] . The oscillator strengths of B and Q bands have been measured to be approximately 2.0 and 0.046, respectively [6] . Table I lists the excitation energies, transition dipole moments, and oscillator strengths of TOP 2+ calculated with TDDFT. As shown in Table I , the four exchangecorrelation functionals give rise to consistent results in general, despite the fact that small differences exist in the computed excitation energies and oscillator strengths by different XC-functionals. According to the TD-PBE1PBE calculation, the first excited state (S 1 ) of TOP 2+ is the 1 1 E u state (2.4126 eV, f =0.001) that can be assigned to the weak Q band in the absorption spectrum. This state is described as the combination of the one-electron excitations from the HOMO (3a 2u ) and HOMO-1 (1a 1u ), respectively, to the degenerate LUMO (4e g ), and the components of the excited configurations are 49.7% for both 1a 1u →4e g and 3a 1u →4e g excitations. The second excited state (S 2 ), 2 1 E u , has large oscillator strength (3.8521 eV, f =3.201 by TD-PBE1PBE), and it can be assigned without doubt to the strong B band in the absorption spectrum. The 2 1 E u state is also originated from the transition from the HOMO/HOMO-1 to the degenerate LUMO, with the principal configurations 1a 1u →4e g (46.2%) and 3a 2u →4e g excitations (46.2%). These results indicate that the traditional four-orbital model for UV-visible spectra of porphyrin compounds describes very well for the Q and B states of TOP 2+ . Compared with the experiment, all the four XC-functionals moderately overestimate the oscillator strength of the B band while considerably underestimate that of the Q band. We have noticed that the TDDFT calculations usually give rise to smaller oscillator strength for the Q band of porphyrin compounds as compared with experiments [35] . 
B. Resonance Raman spectra of TOP 2+ with B band excitation
The molecular vibrations of TOP 2+ can be divided into the in-plane (ip) and the out-of-plane (oop) modes. It has 36 atoms and 3n−6=102 degree of internal freedom, which, according to the D 4h group, can be classified as Table II shows a classification of the normal modes according to the symmetry species, in which the mode numbers and local coordinates are adapted from the normal D 4h metalloporphyrins [12−14] . Among these vibrations, the A 2u and E u modes are IR active, and the A 1g , B 1g , B 2g , and E g modes are active for off-resonance Raman [12−15] . Resonance Raman is very different from non-resonance Raman in the physical mechanism and in the selection rules. For non-resonance Raman in which the incident light is far from any electronic transitions, the A term contribution to Raman polarizability is much smaller compared with the B term, and A term can be neglected for most cases. For resonance Raman in which the incident irradiation is resonant with an electronic transition, Raman signals can be enhanced either due to the non-zero Frank-Condon overlap between the ground and the resonant excited state (A term mechanism) or due to the vibronic coupling between electronic states (B-term mechanism). It is well known that the A-term mechanism is dominant when the incident radiation is in resonance with a strong electronic transition. For a resonance Raman process involving a single π-π * electronic transition, only the in-plane modes are expected to be enhanced [12−15] . Also, the A 2g and E u modes are forbidden by symmetry, although the A 2g modes may be activated by interstate vibronic coupling between the B and Q electronic states. Thus in the present study we only deal with the A 1g , B 1g , and B 2g modes of TOP 2+ . modes were proposed according to the calculated atomic Cartesian displacements for each normal mode.
TDDFT calculations were carried out at the equilibrium structure and also at the structures deformed along each A 1g , B 1g , and B 2g modes. The results of TDDFT were used to numerically calculate the gradient of the excited state PES and the partial derivatives of transition dipole with respect to the normal modes. We are only interested in the normal modes with the frequencies lower than 1700 cm −1 , which correspond to the motions of the skeletal C/O atoms of TOP and are expected to be sensitive to the π-π * electronic excitation. The line width Γ of the B band is taken to be 360 cm −1 based on the experimental absorption spectrum [6, 11] . In Ref. [11] , the resonance Raman spectrum was recorded by using the 406.7 nm line of a krypton laser as the excitation source, which is red-shifted by 2660 cm −1 from the B band absorption (367 nm). This energy difference must be considered in calculation model since it is known that the resonance Raman intensities sensitively depend on the wavelength difference between the incident laser line and the electronic absorption maximum. In addition, the B state energies calculated with TDDFT not only show deviations from the experimental absorption maximum but also vary with different XC-functionals (see Table I ). To accord with the experimental conditions, in our Raman intensity calculations the wavelengths of excite light were so chosen that they are red-shifted by 2660 cm −1 (0.33 eV) from the corresponding TDDFT-calculated energies of the B state (the 2 1 E u state). Table IV lists the TDDFT calculated ∆ value of B state with respect to the ground state along the totally symmetric A 1g modes. The ∆ values of non-totally symmetric modes were calculated to be zero. It can be seen from Table IV that the four XC-functionals give rise to comparable ∆ values for the corresponding modes. The ν 8 , ν 6 , ν 7 , and ν 2 modes have large ∆ values, indicating relatively large deformations of the B state along these modes. Especially, the ν 8 mode has a very large ∆ value according to TDDFT calculations (Table IV) . This mode, while assigned to furan translation in local coordinate picture, is in fact the expansion vibration of the whole TOP ring. Thus the unusual large ∆ value of ν 8 seems reflecting the fact that the π-system of TOP 2+ contains more anti-bonding character in the B state. Table V lists the x and y components of the partial derivatives of transition dipole moments
for B x and B y states of TOP 2+ calculated by TD-PBE1PBE. The z components for the partial derivatives of transition dipole moments are zero for all the in-plane modes. It was found from Table V that, as a whole, the B 1g modes have larger the partial derivatives than the B 2g modes. By using the data in Tables I, IV and V, the B-band exited RR spectrum of TOP 2+ can be calculated with Eqs.(1), (2), (6), and (7). Figure 2 displays the calculated RR spectra, in which the frequencies have been scaled by 0.959, 0.975, 0.956, and 0.972, respectively, for PBE1PBE, B3LYP, Cam-B3LYP, and B3LYP-D3. A 50:50 mixed Gauss-Lorentz line-shape was used in spectral plotted in Fig.2 , with the band-width 12 cm −1 . It can be seen that the four XC-functionals produce similar RR spectra; and the relative RR intensities by TDDFT calculations are well consistent with the experiments. As shown in Fig.2 and Table III, the Bband excited RR spectra of TOP 2+ are dominated by the totally symmetric A 1g modes, manifesting that the Franck-Condon mechanism (A-term mechanism) is prevailing for Raman enhancement. This is expectable since the excitation line is in near resonance with the transition from the ground state to the B-state which has a quite lager transition dipole moment (as shown in Table I ). The ν 2 , ν 6 , ν 7 , and ν 8 modes were calculated to be the strongest, in consistence with their large ∆ values. These modes are assigned to the C β C β stretching, furan breathing, furan in-plane symmetric deformation, and furan translational vibrations. From Fig.2 , it can be seen that the relative intensities of the A 1g modes are in the order ν 6 >ν 2 ≈ν 8 >ν 7 >ν 4 >ν 9 >>ν 3 , which is fully consistent with the experiment. The RR enhancement pattern of the A 1g modes reflects the geometry change of the B state respect to ground state. The significant intensities of ν 2 , ν 6 , ν 7 , and ν 8 modes come from the large ∆ values, indicating a considerable deformation of the B state along these modes.
The non-totally symmetric modes can be enhanced through the Herzberg-Teller mechanism (B term). Figure 3 compares the A term, B term, and A/B terms contributions to the RR intensities of TOP 2+ . The B 1g and B 2g modes, such as ν 11 , ν 12 , ν 13 , ν 17 , ν 16 , ν 18 , and ν 35 , were calculated to be resonantly enhanced, but their intensities are one or two order weaker in comparison with the totally symmetric A 1g modes. This is in good accordance with the experiment. However, it is noteworthy that the calculated intensity of the ν 10 mode (C β C β stretch, B 1g symmetry) is considerably weaker as compared with the experiment. In the experiment, the ν 10 mode was observed as the strongest depolarized band in the 406.7 nm excited RR spectrum [11] . Among the non-totally symmetric modes, the ν 11 mode (asymmetric C α C m stretch, B 1g symmetry) was calculated to be resonance enhanced in a magnitude comparable to the by TDDFT calculations. The incident lines were set at 3.5223 eV (PBE1PBE), 3.4510 eV (B3LYP), 3.5795 eV (Cam-B3LYP), and 3.4539 eV (B3LYP-D3), respectively. Experimental spectrum is adapted from the polarized RR spectrum in Ref. [11] .
totally symmetric ν 9 mode, which is obviously overestimated since the corresponding RR band was observed very weak in the experiment [11] .
IV. DISCUSSION
The present calculation model for RR intensities assumes that (i) there is no Duschinsky rotation, i.e. normal mode compositions at excited state are the same as those at the ground state, and (ii) the force constants of excited and ground states are the same, i.e. the potential surface of excited state is shifted but not distorted in comparison with that of the ground state. However, the B state (2 1 E u ) is doublet degenerate, and it may encounter the Jahn-Teller instability. The excited state Jahn-Teller effect in the Q-band has been reported for the normal metalloporphyrins and was recognized to be responsible for the dramatic enhancement of the B 1g and B 2g modes in Q-band excited RR spectra. When Jahn-Teller effect (either a static or dynamic one) occurs, both the normal mode compositions and the force constants of the excited state can significantly differ from those of the ground state. In this case, the above mentioned approximations may not strictly hold. For TOP 2+ , the discrepancy between the calculated and experimental RR intensities for the ν 10 and ν 11 modes may be attributed to the Jahn-Teller effect (presumably a dynamic one) of the B state (2 1 E u ), which causes the ν 10 and ν 11 modes of the ground state to mix and reconstruct in the excited state.
In the present study, we did not consider the influence of the Q state (S 1 state). There are several reasons. Firstly, the energy separation between the Q state and the B state is quite large (1.01 eV by experiment and ∼1.44 eV by TD-PBE1PBE calculation) and the laser line used in the RR experiment is close to the B band (red-shift by only 0.33 eV). Secondly, the transition dipole moment of the Q band is much smaller compared with the B band by one-order of magnitude (from experiments) or more (from TDDFT). Thus the B-band resonance is expected to be dominating in the Raman process. The third, up to now, there are no experimental evidence of the inter-states (between the B and Q states) vibronic coupling for TOP 2+ . This is different from the case of conventional metalloporphyrins for which the inter B and Q states vibronic coupling leads to the appearance of the A 2g bands (with abnormal depolarization ratios) in RR spectra and the 0-1 sub-band (Q 01 band) in the UV-visible spectrum. In view of their close similarity in the geometric and electronic structures, this difference in the inter-states vibronic coupling between TOP 2+ and metalloporphyrins is quite unusual and deserves to be studied in future.
V. CONCLUSION
In summary, DFT and TDDFT calculations have been used to study the resonance Raman spectra of TOP 2+ with B-band excitation. Both Raman A and A terms are included in computation model, and it was found that the Raman A term is roughly one order of magnitude larger than Raman B term for the B band excitation. For this specific system of TOP 2+ , the calculated RR spectra using PBE1PBE, B3LYP, Cam-B3LYP, and B3LYP-D3 XC-functionals are consistent with each other and agree well with the experiment. The strong intensities of the totally symmetric ν 2 , ν 6 , ν 7 , and ν 8 modes indicating a considerable deformation of the B-state of TOP 2+ along these mode. The RR intensity of the ν 10 mode predicted by TDDFT calculations is unexpectedly small while the intensity of ν 11 mode was calculated too large, which is attributed to the possible Jahn-Teller effect for the B state (i.e., the 2 1 E u state) of TOP 2+ .
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